We report on a reoptimization of the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential dedicated to the prediction of the band gaps of three-dimensional (3D) and layered hybrid organic-inorganic perovskites (HOPs) within pseudopotential-based density functional theory methods. These materials hold promise for future photovoltaic and optoelectronic applications. We begin by determining a set of parameters for 3D HOPs optimized over a large range of materials. Then we consider the case of layered HOPs. We design an empirical relationship that facilitates the prediction of band gaps of layered HOPs with arbitrary interlayer molecular spacers with a computational cost considerably lower than that of more advanced methods like hybrid functionals or GW . Our study also shows that substituting interlayer molecular chains of layered HOPs with Cs atoms is an appealing and cost-effective route to band gap calculations. Finally, we discuss the pitfalls and limitations of TB-mBJ for HOPs, notably its tendency to overestimate the effective masses due to the narrowing of the band dispersions. We expect our results to extend the use of TB-mBJ for other low-dimensional materials.
I. INTRODUCTION
Three-dimensional hybrid halide organic-inorganic perovskites (HOPs) with the general formula ABX 3 , where A is an organic or inorganic cation, B is a divalent metal cation, and X is a halide anion, are at the center of extensive worldwide research on the quest for promising materials for future photovoltaic and optoelectronic applications. The main reason is the spectacular rise in their power conversion efficiency from 3.8% [1] to over 23% [2] in less than a decade, already surpassing the efficiency of polycrystalline Si-based solar cells. Moreover, they are fabricated using low-cost solution process methods and present interesting features in light emission [3, 4] , x-ray detection [5] , and lasing [6] . On the flip side, they suffer from instabilities when exposed to lighting and humidity conditions. To circumvent these instabilities, layered halide perovskites have gained renewed interest because of their resistance to the above-mentioned stringent operating conditions [7, 8] . In addition, they present attractive optoelectronic properties related to their large exciton binding energies [9] and multiexcitonic resonances [10] as a result of quantum and dielectric confinement effects [11, 12] . Naturally, the appearance of such interesting properties requires a joint experimental and theoretical effort to understand their fundamental photophysical origins.
On the theoretical side, Kohn-Sham (KS) density functional theory (DFT) [13, 14] , within the local-density approximation (LDA) [14] or the generalized gradient approximation * Corresponding author: boubacar.traore@insa-rennes.fr (GGA) [15, 16] , has been widely used to study the optoelectronic properties of hybrid halide perovskites and has proved to be efficient to compute materials structure-property relationships at a reasonable computational cost [17, 18] . However, it is well known that the standard LDA and GGA are not appropriate for computing the band gap since they give too small band gaps or even a wrong metallic behavior rather than an insulating one in some cases (see, e.g., Refs. [19, 20] ). Let us note that in the case of Pb-based HOPs, a fortuitous agreement between DFT and experimental band gaps is obtained if the spin-orbit coupling (SOC) effect is not considered [21] .
For solids, different levels of theory exist to improve the prediction of band gaps such as hybrid functionals [22] [23] [24] [25] and the more well founded quasiparticle correction method within the many-body GW approximation [26, 27] . Hybrid functionals, which combine Hartree-Fock exchange and LDA/GGA exchange correlation, have been used to improve the band gap of HOPs [8, 28, 29] . Similarly, the GW approximation has also been adopted for these materials [30] [31] [32] [33] [34] . In general, the computational cost of the hybrid and GW methods is several orders of magnitude higher than LDA/GGA. Although calculations with hybrid functionals are computationally more affordable than GW , both methods remain heavy for HOPs, especially the layered ones, which even in their very simplest structures easily exceed hundreds of electrons. This prompts the need for adopting computationally cheaper methods that are accurate enough to predict the band gap of HOPs.
Among the affordable band gap correction schemes (see Refs. [35, 36] for comparative studies), there is the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential [37] , which has proven to be as accurate as hybrid functionals or GW for band gap prediction, but at a cost which is of the same order of magnitude as LDA/GGA functionals. It has been quite successful for a variety of materials ranging from classical semiconductors, such as Si and Ge, to strongly correlated transition-metal oxides (e.g., FeO or NiO) and rare-gas solids [35] [36] [37] [38] [39] [40] . The TB-mBJ method, which consists of only a potential (no energy functional) combines a modified version of the BJ exchange potential [41] with LDA for correlation [42, 43] . The TB-mBJ exchange potential reads
where v BR x,σ is the Becke-Roussel (BR) potential [44] designed to model the Coulomb potential created by the exchange hole,
2 is the spin-σ electron density, and
is the kinetic-energy density. The parameter c in Eq. (1) is given by
where V cell is the unit cell volume and α = −0.012 and β = 1.023 bohr 1/2 are the parameters that were determined from least-squares fitting of the experimental band gaps of a set of solids (see Ref. [37] for details). As discussed in Refs. [35, 36, 38] , the TB-mBJ potential owes its success for band gaps to two of its ingredients, namely, t σ (which makes TB-mBJ a meta-GGA potential) and the average of |∇ρ|/ρ in the unit cell in Eq. (2).
Moreover, from Eq. (2), one can see that β determines the sensitivity of c with respect to the inhomogeneity in the electron density in the unit cell (measured as the average of |∇ρ|/ρ in the unit cell). With respect to the term containing β, the first term in c (i.e., α) is just a shift.
Recently, Jishi et al. [45] applied the TB-mBJ method to lead halide HOPs using the all-electron WIEN2K code [46] and reported an improvement of the band gaps with respect to the standard Perdew-Burke-Ernzerhof GGA functional [16] . However, since the agreement with experiment was still not satisfying (underestimation of the order of ∼1 eV), Jishi et al. reoptimized parameters α and β in Eq. (2) in order to further improve the results. With their new values for α and β, the agreement with experiment was then excellent (maximum error of ∼0.15 eV). These refined parameters should, to some extent, be transferable to other perovskites.
However, on the technical side, it is important to underline that the parameters of Jishi et al., as well as the original ones [37, 47] , were determined using an all-electron code. This means that these parameters are, in principle, not valid with DFT codes using pseudopotentials since c depends on the average of |∇ρ|/ρ, which should (strongly) depend on the type of electron density ρ (all electron or pseudo). Therefore, reoptimizing α and β for a pseudopotential-based DFT code (as used in the present work) is necessary and can be appealing for larger benchmark studies. Furthermore, to our knowledge there is no report of the performance of TB-mBJ on layered hybrid halide perovskites or any other layered materials in the literature. Such a performance assessment would be beneficial to contextualize the adequacy of such a cheap band gap correction DFT scheme in studying the optoelectronic properties of large systems, such as layered HOPs, with pseudopotential codes.
In this contribution, we report on the reoptimization of the TB-mBJ parameters for three-dimensional (3D) and layered halide perovskites within pseudopotential-based implementation of DFT as realized in ABINIT [48] . As already mentioned, SOC plays a major role in HOPs and is systematically taken into account in the present work. Since layered HOPs are generally large systems, we propose a scheme that involves the substitution of the interlayer molecules with Cs atoms [49] [50] [51] , which reduces the computational burden with negligible loss of accuracy. Furthermore, such a substitution would be beneficial for larger benchmarking of layered HOPs using TB-mBJ. From the evolution of the optimized c parameter in Eq. (2) with the interlayer spacing of layered HOPs, we propose an empirical relationship that links these two quantities to facilitate the choice of c for an arbitrary layered HOP. We also consider the effect of the TB-mBJ potential on the effective masses and show that they are largely overestimated, especially for layered HOPs, compared to available experimental values. Finally, we discuss the pitfalls and limitations of TB-mBJ when applied to layered hybrid halide perovskites. We believe that such considerations will be useful for other low-dimensional materials.
II. COMPUTATIONAL DETAILS
The pseudopotential DFT calculations were done with the ABINIT code [48] . The relativistic, norm-conserving, separable, dual-space Gaussian-type pseudopotentials of Hartwigsen, Goedecker, and Hutter were used for all atoms [52] . More specifically, we considered 1s 1 [46] , which is based on the linearized augmented plane-wave method [53, 54] . The LDA [14, 42, 43] and TB-mBJ [37] methods were used for the exchange-correlation effects. TB-mBJ in ABINIT was invoked from the library of exchange-correlation functionals Libxc [55] . All the calculations were performed taking into account SOC effects. The experimental crystal structures without any geometry optimization were used for all calculations. The following structures were considered, with the space group provided in parentheses: 3D systems include MAPbI 3 (I 4/mcm) [56] , where MA = CH 3 NH 3 , MAPbI 3 (P nma) [57] , MAPbBr 3 (P m-3m) [58] , MAPbBr 3 (P nma) [59] , CsPbI 3 (P nma) [60] , CsPbBr 3 (P nma) [61] , CsPbCl 3 (P m-3m) [62] , RbPbI 3 (P nma) [60] , MASnI 3 (I 4cm) [63] , and CsSnI 3 (P nma) [64] ; two-dimensional (2D) systems include (C(NH 2 ) 3 )(CH 3 NH 3 )PbI 4 (I mma) [65] and (C m H 2m+1 NH 3 ) 2 PbI 4 (P bca) [66, 67] , with m = 4, 6, and 10.
III. RESULTS AND DISCUSSION

A. Three-dimensional HOP compounds
We start with the reoptimization of the TB-mBJ parameters α and β in Eq. (2) for perovskites in the framework of a pseudopotential method. To do this, we selected a wide range 035139-2 of 3D ABX 3 HOPs, as listed in Table I . In the course of the optimization procedure, we observed that it is enough to vary α while keeping β fixed to its original value (1.023 bohr 1/2 ) [37] . Hence, we optimized α to predict the band gap of a particular 3D perovskite (e.g., MAPbI 3 ). Subsequently, we applied those reoptimized TB-mBJ parameters to the other HOP structures. The new set of values that we propose is given by
We note that our new value for α is much closer to the value of 0.4 of Jishi et al. [45] optimized for lead halide HOPs than to the original TB-mBJ value (−0.012). Furthermore, the value for β optimized by Jishi et al. is 1.0 bohr 1/2 , which is very close to 1.023 bohr 1/2 . Table I compares the TB-mBJ band gaps calculated using our reoptimized pseudopotential Table I that since the parameters of Jishi et al. were determined using all-electron densities, they are not optimal within a pseudopotential framework. Indeed, jTB-mBJ underestimates by a sizable amount, 0.4-0.7 eV, the band gap of all HOPs, while, as already mentioned, Jishi et al. obtained excellent agreement with experiment with the all-electron WIEN2K code. However, the prediction becomes much better with our reoptimized ppTB-mBJ values since the errors are below 0.2 eV in all cases. It is noteworthy that the same set of ppTB-mBJ parameters works very well for both Pb-and Sn-based HOPs, as well as for different halide anions, thus showing the generality of ppTB-mBJ for 3D HOPs.
We recall that our predicted band gaps do not take into account the effects of band gap renormalization due to electron-phonon coupling in HOPs, which has been shown to be non-negligible, especially at high temperature [68] [69] [70] . With CsSnI 3 , for instance, band gap renormalization was calculated to be +0.11 eV at 300 K [68] . From Table I , the measurement temperature does not exceed room temperature, and we hypothesize that our predicted ppTB-mBJ band gaps would remain in reasonable agreement with experiment should there be any correction due to band gap renormalization. Concerning LDA, the underestimation of the band gap is substantial in all cases and varies from ∼1 eV (for MAPbI 3 ) to ∼2.5 eV (for CsPbCl 3 ). In the case of CsSnI 3 , LDA gives a band gap of nearly zero, while experiment indicates a value of 1.3 eV. Again, our ppTB-mBJ parameters lead to fair agreement with experiment.
Regarding the shape of the bands, Fig. 1 compares the band structures in the case of MAPbI 3 (P nma) and CsSnI 3 (P nma) using LDA and ppTB-mBJ. In these systems, the band gap is direct at . With MAPbI 3 , the SOC induces a larger splitting at the conduction band minimum (CBM) which amounts to 0.77 and 0.61 eV for LDA and ppTB-mBJ, respectively. For both compounds, a rather obvious qualitative difference between LDA and ppTB-mBJ is the width of the valence band maximum (VBM) and CBM that is smaller for ppTB-mBJ. According to the study of Waroquiers et al. [82] , the TB-mBJ potential deteriorates the agreement with experiment for the bandwidth. The implication of the band dispersions on the effective masses will be discussed later. Also shown in Fig. 1 is one of the components of the complex spinor wave functions of the VBM and CBM at the point. We recover the wellknown hybridization pattern; namely, the VBM is composed of an antibonding hybridization between Pb(Sn) 6s(5s) and I 5p states, while the CBM consists mainly of a bonding hybridization between Pb(Sn) 6p(5p) and Pb(Sn) 6p(5p) states, which is in agreement with previous works [21, 50] .
B. Two-dimensional layered HOPs
In this section, we inspect the suitability of the reoptimized TB-mBJ potential proposed above, ppTB-mBJ, to predict the band gap of layered 2D HOPs. Figure 2(a) shows the considered experimental 2D HOP structures. They consist of the guanidinium-methylammonium lead iodide perovskite structure (C(NH 2 ) 3 )(CH 3 NH 3 )PbI 4 [65] , hereafter referred to as GAMA [where GA = C(NH 2 ) 3 and MA = CH 3 NH 3 denote guanidinium and methylammonium, respectively], and three members (m = 4, 6, and 10) of the alkylammonium lead iodide (C m H 2m+1 NH 3 ) 2 PbI 4 series (hereafter called Cm, where m is the number of carbon atoms in the alkyl chain) [66, 67] . The self-assembled nature of layered HOPs is reminiscent of a heterostructure and can be conceptualized as composite materials, where one can define a pseudoinorganic layer with the interlayer molecular cations replaced by Cs + [51] . Such a substitution with Cs atoms is appealing since it reduces the computational load while having little effect on the electronic structure near the band edge states, as shown earlier [49, 51] . The validity of this substitution when using the ppTB-mBJ potential is discussed in Fig. S1 of the Supplemental Material (SM) [83] . Let us note that in hybrid perovskites, room-temperature cubic and tetragonal 3D systems are averaged structures because of the dynamical motion of the organic cations [84] . Cs substitution allows modeling the electronic properties of those phases fairly accurately, but we stress that it is not the way to capture the possible effects of the molecular orientation on the band gap. For instance, depending on the molecular orientation, a variation within about 0.14 eV was reported in the literature [85] . However, forcing molecules towards some specific static orientation in the cubic or tetragonal phase may introduce an unrealistic bias, which can be avoided considering the highly symmetric Cs cation with negligible change in the band dispersion near the electronic gap (Fig. S1) .
Thus, we calculated the band structure of the 2D HOP compounds with each interlayer molecule replaced by a Cs atom. Figure 2(b) shows the dispersions of GAMA as an example of the 2D confinement effect on the electronic structure. One notices a flat dispersion along the W -T direction in reciprocal space which corresponds to the stacking axis of the alternating inorganic and organic layers in real space. Hence, little or no electronic coupling is present along that axis. The results for the band gaps are summarized in Table II . The experimental band gaps are fundamental ones corresponding to band-toband absorption edges except for the GAMA structure, whose reported value remains a rough estimate that does not indicate a clear band edge [65] . In all cases, the band gaps predicted by ppTB-mBJ are in good agreement with experiment. Let us note, however, that the continuum thresholds from the experimental absorption spectra are rarely reported as the excitonic resonances are present in layered HOPs. This brings some uncertainties in the experimental value of the band gap, which could further improve or worsen the agreement between experiment and theory. 
We note that c decreases with L, which can be understood through the diminishing value of the density term ∇ρ/ρ 1/2 as L increases, which in turn is induced by the volume increase. One may view Eq. (4) as a plausible (and new) alternative to Eq. (2). Actually, Eq. (4) sheds light on the relation between three quantities: the average ∇ρ/ρ 1/2 in the unit cell, the interlayer separation, and the band gap. Hence, Eq. (4) could serve as an alternative starting point to fine-tune the TB-mBJ parameters for band gap prediction in case ppTB-mBJ fails for a particular HOP material within the pseudopotential implementation.
C. Effective masses
As discussed in Sec. III A, ppTB-mBJ leads to bandwidths of the VBM and CBM in the 3D HOPs that are clearly smaller than the values from LDA and possibly also experiment. Consequently, as already pointed out in Ref. [82] for simple semiconductors and insulators, TB-mBJ may be inaccurate for the effective masses in HOPs, which are often computed within the parabolic approximation of the band dispersion with respect to the wave vector k around a high-symmetry point in the Brillouin zone or within the finite-difference approximation. Both approaches may be prone to errors and sophisticated, but computationally more demanding methods may be required to alleviate problems as well as to treat degenerate bands more accurately [89] . Nevertheless, using the finite-difference method, as used in this work, can bring some semiquantitative information on the effect of ppTBmBJ on the effective masses of HOPs compared to LDA, and Table III (Table S1 of the SM [83] ). However, in the case of MAPbI 3 , for which very accurate experimental data exist, ppTB-mBJ seems to perform slightly better; the overestimation due to ppTB-mBJ is in the range 0.02-0.08, while LDA underestimates the values by at least 0.06. The latter might be related to the very narrow band gap obtained with LDA.
A characteristic feature of TB-mBJ is that optimizing the parameter c to predict the experimental band gap inevitably leads to the overestimation of the effective masses in agreement with Ref. [90] . This is illustrated in Fig. 4 for MAPbI 3 and C4 structures. In other words, the same optimized c cannot be expected to produce at the same time the correct band gap and effective masses. In general, this ppTB-mBJ overestimation of the effective mass is inherent in the way ppTB-mBJ is forced to produce a correct band gap through the parameter c. As the latter increases to open the band gap, the ppTB-mBJ potential becomes more attractive, which leads to more localized electrons, thus narrowing the bandwidth of the VBM in particular. The pronounced overestimation of effective masses for layered structures is probably related to the additional confinement induced by their low-dimensionality, enhancing the TB-mBJ attractive potential. This suggests that great care should be taken if quantities other than the band gap, e.g., the effective mass or the absorption spectrum, are to be computed.
D. Pitfalls, limitations, and issues
Although the TB-mBJ potential is very appealing since reliable band gaps can be obtained at a cheap computational cost, it may present some issues, which we describe in this section. First and foremost, as discussed recently in Ref. [36] , the main problem of the TB-mBJ potential is basically to illegally provide band gaps in good agreement with experiment, illegally in the sense that a multiplicative potential like LDA or TB-mBJ is expected to provide a value for CBM-VBM (the usual way to calculate the band gap in KS-DFT) that differs from I − A (ionization potential I minus the electron affinity A), which is the definition of the true band gap. Indeed, it is known that CBM − VBM and I − A differ by the exchangecorrelation discontinuity [91, 92] , which can be substantial. In other words, achieving agreement with experiment for the band gap is physically not justified, which may lead to problems for other calculated quantities.
Misplaced states within the band gap. By using the pseudopotential implementation of TB-mBJ in ABINIT, we have found that for 2D perovskites with longer organic chains, without Cs substitution, misplaced states within the band gap may appear. This is illustrated in Fig. 5 for the case of C4, where we can observe such a (flat) band located 1 eV above the VBM. These misplaced mid-gap states belong to the butylammonium (BA = C 4 H 9 NH 3 ) molecule, i.e., the organic spacer. Similar results were obtained for the C6 HOP. However, when using the TB-mBJ implementation in the allelectron code WIEN2K (with the parametrization of Jishi et al. [45] ) for the C4 structure, no such misplaced states within the band gap are present, as shown in Fig. S2 of the SM [83] . The parasitic flat band obtained with ABINIT is most likely due to the used LDA pseudopotentials, which are not adapted for TBmBJ. Thus, that means that one has to be careful when using the TB-mBJ potential within a pseudopotential-based DFT code, and this calls for the development of pseudopotentials specific to TB-mBJ. Nevertheless, substituting the molecular chain with Cs atoms solves this specific problem since no such misplaced (parasitic/artificial) bands are obtained. Hence, the Cs substitution not only reduces the computational load, which was our main objective, but also avoids the appearance of misplaced molecular states within the band gap when long chains are used. In such benchmark studies, the Cs substitution is an interesting route to predicting the band gap of layered HOPs.
Nevertheless, we note that Cs substitution remains a mere conceptual way of treating the band structure of these large 2D systems at a much reduced computational cost. However, for calculations related to the computation of absorption spectra using Bethe-Salpeter-equation-like methods, where dielectric screening plays a crucial role, Cs substitution should not be relevant.
Sn-based 2D HOPs. The ppTB-mBJ parameters that we have proposed in this work (α = 0.65, β = 1.023 bohr 1/2 ) largely overestimate the band gap for BA 2 SnPbI 4 . For this system, ppTB-mBJ leads to a band gap of 3.12 eV, which is much larger than the experimental value of 1.83 eV [93] (see the band structures in Fig. S3 of the SM [83] ). We found that agreement with experiment is reached by reducing significantly the parameter α to a value of 0.10, which leads to a band gap of 1.85 eV. Hence, unlike for the Pb and Sn 3D HOPs and Pb 2D HOP, this 2D HOP with Sn as the divalent metal cation requires different TB-mBJ parameters for reliable band gap predictions. Let us note that despite the generality of our TB-mBJ approach, we speculate that our optimized parameters work best for Pb-based hybrid halide perovskites. For systems using different metal B cations such as in double perovskites or Sn in 2D systems (vide supra), different TB-mBJ parameters may be needed for accurate band gap prediction.
E. Conclusions
In this contribution, we have reoptimized the parameters in the TB-mBJ potential for 3D and 2D layered HOPs within a pseudopotential-based implementation of DFT. The reoptimized parameters predict band gaps that are in fair agreement with experiment. It is noteworthy that TB-mBJ overestimates the effective masses due to the narrowing of the band dispersions, especially for the valence bands. This means that great care should be taken if quantities other than the band gap are of interest. Our study also demonstrated that substituting long molecular chains of the 2D layered structures with Cs atoms is an interesting and cost-effective route towards predicting band gaps in general. Importantly, we proposed a scheme to address the band gap problem of HOPs with the TB-mBJ potential, which could be extended to other layered materials.
Nevertheless, we note that our ppTB-mBJ parameters work best for Pb-based and, to some extent, 3D Sn-based perovskites. Our optimized parameters might not be suitable for double perovskites and perovskite systems, whose octahedral environments significantly differ from those of Pbbased HOPs. We believe that the strategy implemented in the present work is a good starting point to optimize TBmBJ parameters for other families of halide perovskites such as double perovskites. Furthermore, the effect of electronphonon coupling [94] is not considered in this work, which may bring additional changes to the predicted band gaps, especially for cubic HOP compounds [68] .
Overall, TB-mBJ provides an efficient and computationally cheap framework for band gap prediction and is an appealing alternative to hybrid functionals and the GW method for large systems such as hybrid organic-inorganic perovskites.
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